ABSTRACT. The development of sucking pressure was investigated with an artificial nipple in 16 male and female rat pups on postnatal days 4, 7, 10, 14, and 18. The rat pups refused to suck on the artificial nipple on postnatal day 14 or day 18 thus negative su cking pressure had to be calculated by regression analysis. As a result, the mean maximum intra-oral negative sucking pressure on day 18 was calculated to be -160.1 mmHg in the male and -103.4 mmHg in the female. Based on these results, the maximum level of negative pressure of the automated experimental rat milker was set at -160 mmHg. The automated experimental milker for rat is able to collect milk from lactating mothers by alternating negative and atmospheric pressures through two solenoid valves and a vacuum pump atta ched to a microcomputer. Mother rats were milked with the automated experimental milker on postpartum days 4, 7, 10, 14 and 18 of a single lactation period. The maximum mean milk yield with this machine was 3.18 ± 1.37 g, obtained on day 14 of the lactation period. This quantity is considerably lower than previously reported values obtained by measuring differences in body weight of the offspring and mother rat before and after suckling. It is necessary to further optimize this system, but the milk yield in the present study is adequate for chemical analysis. KEY WORDS: milker, rat.
Environmental pollution, in particular carcinogenic substances and endocrine disrupting chemicals, has become a major worldwide problem in recent years. The influences of such chemicals on a baby through breast milk or cow milk are of great concern. The ability to gather milk from the rat, a widely used experimental animal, may aid in elucidating the effects of such chemicals on infants and their development. To test the composition of rat milk, milk is typically gathered from the stomachs of rat pups that have nursed once since it is difficult to gather milk directly from teats of the mother rat [17] . Milk gathered from the stomach mixes with saliva and gastric juice and is altered by decomposition and digestion thus is unlikely to accurately reflect the actual composition. Accordingly, an automated experimental milker was produced to eliminate these problems. The present paper describes a milking system for the rat, the parameters of which were based on intra-oral negative sucking pressure in term offspring as assessed with an artificial nipple containing a transducer.
MATERIALS AND METHODS
Recording device for sucking pressure: A polyethylene tube (1.4 mm inside diameter (ID), 1.9 mm outer diameter (OD)) 300 mm in length was connected to a pressure transducer (MPU-0.5, Nihon Kohden, Tokyo, Japan). The artificial nipple, made of the soft natural rubber, was inserted about 5 mm into the tip of the tube. The interior diameter of the nipple was 1.2 mm, the outer diameter 3 mm, the length 20 mm. A perforation approximately 0.5 mm in diameter was created in the center of the nipple tip to equalize pressure between nipple and oral cavity. The nipple, tube and head of the transducer were filled with sterile water. The transducer was plugged into an amplifier (AP-620G, Nihon Kohden, Tokyo, Japan) of one channel of a polygraph (CM-615G, Nihon Kohden). Sucking patterns were recorded on polygraph paper. The data were stored in a data recorder (DFR-3515, Sony data recorder, Sony Magnescale Inc., Tokyo, Japan) for later analysis. The pressure transducer was calibrated each time with a digital manometer (DM-2, Shibata Kagaku Co., Ltd., Tokyo, Japan). No significant variability was found.
Automated experimental milker for rat: The automated experimental milker is able to milk lactating mother rats by alternating negative pressure and atmospheric pressure through two solenoid valves attached to a microcomputer and a vacuum pump. Figure 1 is a schematic of the experimental milker system for rats. The device consists of the microcomputer system shown with letters e, f, i, l, and parts related to milking shown with letters a, b, c, d, g, h, j, k, m, n, o. The teat cup was inserted into a vinyl tube (2 mm ID, 4 mm OD) 350 mm in length, which serves to collect milk from the rat teat. The inside of tip of the vinyl tube was angled back 45 degrees to allow free movement of the teat cup liner. A silicon tube (4 mm ID, 8 mm OD) 550 mm in length was connected to the 10 ml sterile test tube as a milk pail and also to a 50 ml aluminum overflow tank. The negative pressure sensor, two solenoid valves and vacuum pump were plugged into the microcomputer to regulate pressure in the system. The negative pressure sensor was connected to the solenoid valves, in succession, with silicon tubes (2 mm ID, 4 mm OD). The pair of two-way solenoid valves (FSS-03TBFC, Ac-100, 3.0, Flon Industry Co., Ltd., Tokyo, Japan) were connected with a silicon tube. All tubing in the milker apparatus was silicon tubing of 4 mm ID and 8 mm OD except for that of the negative pressure sen-sor. Negative pressure in the milker line was returned to atmospheric pressure by opening one side of the solenoid valve, while milk inside the line was aspirated by closing the other solenoid valve. A 500 ml pressure regulating tank made of aluminum was connected to the linear vacuum pump (maximum degree of vacuum -250 mmHg, VP0125, Nitto Ind., Co., Tokyo, Japan). A 50 ml tank made of vinyl chloride was connected to the exhaust pipe of the vacuum pump with a silicon tube in order to reduce releasing sound of the pump.
Teat cup: A teat cup (4 mm ID, 7 mm OD, 4 mm in height) was made of soft natural rubber. Figure 2 shows the structure of the teat cup and its liner. In the center of the gum liner is a conical hole formed by an inward-turned lip that is 0.8 mm deep and 0.4 mm thick. The interior and exterior diameters of the conical hole are 1.4 mm and 1.8 mm, respectively. The teat cup liner is divided into six sections by deeply scoring the liner for a distance of 1.3 mm in the radial direction from the inner edge of the lip. The entrance of the gum liner is open during the milking (aspirating) period and milk is displaced from the teat orifice. The milk aspirated with this liner passes through the milk tube to the milk pail. When the teat canal and orifice is closed during the massaging (pausing) period milk remains in the mammary cistern and teat. It is necessary to aspirate milk saved in the mammary cistern and teat during the next milking period to prevent arctation of the papillary duct.
Exterior and specifications of the milker: Figure 3 shows the external appearance of the milker. Animals: Sprague-Dawley strain rats (Jcl: SD, Clea Japan Inc., Tokyo, Japan), 8 weeks old, were maintained under 40-60% humidity, 23 ± 1°C temperature, and 14-hr illumination from 5:00 a.m. to 7:00 p.m. Food (CO-2, Clea Japan Inc., Tokyo, Japan) and water were supplied ad libitum. After 4 weeks of acclimation, animals free of abnormal findings were selected for the experiment. Ten female rats over 12 weeks old with confirmed regular estrous cycles were fertilized by a male rat of the same strain. All pregnant rats were individually housed in polycarbonate cages for delivery. Four days after delivery, litters of newborns were randomly adjusted to 8; 4 males and 4 females. All animals were treated in accordance with the Experimental Animal Welfare Guideline prepared by the Animal Care and Use Committee of Nihon University. Suckling: Intra-oral negative sucking pressure was measured in order to determine the ideal negative suction pressure for the automated experimental rat milker. Eight offspring of a litter were separated from their mothers at 8:00 a.m. on postnatal days 4, 7, 10, 14 and 18. The intraoral negative sucking pressure was measured within 5 to 8 hr after offspring were separated from the mother. To initiate suckling, the body of the pup was gently held in the palm of the left hand, the head was grasped between thumb and forefinger, and then the artificial nipple connected to the head of transducer was carefully inserted in mouth of the offspring with the right hand. The head of the transducer was positioned at the tip of the nipple prior to the measurement of intra-oral negative sucking pressure. Sucking patterns were continuously recorded for about 5 min on postnatal days 4, 7, and 10. The sucking pattern was divided into two general periods, the burst period and interburst period. The periods included (a) interburst, intra-oral negative pressure (-mmHg) just after insertion of the nipple, (b) sucking burst, intra-oral negative sucking pressure (-mmHg) with a maximum and minimum point for all peaks in the burst, (c) rate of bursts (bursts/min), (d) rate of sucks (sucks/ second), (e) burst duration (seconds) in baseline from first suck to last suck of the burst, (f) interburst periods (seconds), and (g) rate of interburst periods (interburst periods/ min). Intra-oral negative pressure was instantaneously measured when the artificial nipple was inserted in the mouth. The burst period and interburst period, mean sucking pressure and maximum sucking pressure were measured as described by Lindner [9] and Prieto et al. [15] .
Milking with the automated experimental rat milker on postpartum days 14 and 18 was easy; however, the measurement of sucking pressure in offspring was impossible. By day 14 rat pups rejected the artificial nipple by pushing it out of their mouths with their tongues, thus intra-oral negative sucking pressure at postnatal days 14 and 18 was calculated by regression analysis. 8. Set the toggle switch (j) to the "MILKING" position. 9. The mother rat, which has been injected beforehand with oxytocin, is lightly anesthetized with ether. Massage the mammary gland of the rat gently and then place the teat cup against the tip of the teat, holding it in place with suction, and extract the milk while massaging the mammary gland.
Milking practices: Injection of a lactating rat with oxytocin and isolation of the offspring for 8 hr is the method applied when milk yield is measured by the body weight difference of the offspring and mother rat [3] and mouse [13] before and after suckling. In the present experiment, mothers were subcutaneously injected with 1 I.U. of oxytocin (Atonin-O, Teikoku Zoki Co., Ltd., Tokyo, Japan) at 4:00 p.m. after an 8-hr separation from their offspring. After oxytocin injection the mother was anesthetized with ether and the udder and periphery were wiped with gauze moistened with warm water. The teat was sucked into the liner of the teat cup after the mammary gland was gently manually massaged and milking had started (Fig. 4) . Manual massage was continued during milking. The milker settings were; vacuum level: -140 mmHg, pulsation rate: 60 per min and pulsation ratio: 60%.
Milk yield: The milk yield (g) in the present study was determined by the difference in weight of the test tube collection "pail" before and after milking (electronic balance, Libror ED-200, Shimadzu Co., Tokyo, Japan).
Statistical analysis: Mean and standard deviation were calculated by use of one-way analysis of variance, and data were analyzed by Student (Welch)'s t-test with P<0.05 considered significant between male and female groups.
RESULTS

Sucking:
A typical suckling pattern recorded from one male offspring on postnatal day 10 is shown in Fig. 5 . The pattern of suckling of all newborn rats on postnatal days 4, 7 and 10 consists of the intra-oral negative pressure, sucking burst and interburst periods. Intra-oral negative pressure was calculated by regression equation for rats 14 and 18 days old because they would not suckle the artificial nipple. These results are shown in Table 1 . The regression values of maximum intra-oral negative sucking pressure at the age of days 14 and 18 after birth were -98.7 and -160.1 mmHg (y=5.7000+0.1167x+0.4833x 2 , R 2 =1.000) in males, and -74.7 and -103.4 mmHg (y=-7.6444+4.8722x+0.0722x 2 , R 2 =1.000) in females, respectively. The regression values of mean intra-oral negative sucking pressure at the age of days 14 and 18 after birth were -59.4 and -86.4 mmHg (y= -2.8889+2.6611x+0.1278x 2 , R 2 =1.000) in males, -54.8 and -79.8 mmHg (y=-3.2333+2.5167x+0.1167x 2 , R 2 =1.000) in females, respectively.
Performance: The tip of the teat cup, into which the teat is placed, is constructed with a special liner. During the milking phase, this teat cup liner opens widely so that milk is drawn out of the teat, and during the atmospheric pressure stage (the resting stage) it contracts back to a small size by means of its own righting moment. The changes in shape resulting from the changes in negative pressure mimic the mechanism by which the teat and udder of the mother rat are stimulated by the sucking of the offspring, enabling safe and efficient milking. The PRESSURE setting (-mmHg) changes in intervals of -5 mmHg each time the up/down switch is pressed, and can be adjusted within a range of -100 to -200 mmHg.
The PULSATION setting (pulses/min) can be adjusted within a range of 40 to 70 times per min, by pressing the up/ down switch.
The SUCTION setting (pulsation ratio: %) changes in intervals of 5% each time the up/down switch is pressed, and can be adjusted within a range of 50 to 70%. The flashing display for the SUCTION value lights while suction is applied and goes out when no suction is applied (pausing and massaging periods).
The toggle switch is used to specify either SETTING or MILKING. Setting the switch to the lower position, SET-TING, makes it possible to enter settings for the PRES-SUR E (-mm Hg ), PULSATIO N (p u ls es/min ) a nd SUCTION (pulsation ratio: %), in any order. Setting the switch to the upper position switches it to the MILKING side, so that milking begins. The three switches with up/ down arrows are designed to be ineffective if pressed while milking is in progress. The device is controlled by a CPU. Table 2 lists the milk yield obtained by operating the automated experimental rat milker.
DISCUSSION
There were some reports describing the milking apparatus for rats in the past. In 1937, Cox and Mueller [1] reported an apparatus for obtaining pulsation in negative pressure by a water filter pump through the clamping action of a magnetic switch to a mercury U-tube and solenoid valve. The apparatus of Temple and Kon [18] produced pulsation in negative pressure by a vacuum pump in the suction through the operation of piston. Mueller and Ind [12] improved the formerly reported apparatus by replacing magnetic switch with a needle valve controlled by the movable arm of an ordinary polarized telegraph relay. Those devices, however, had not become practicable owing to their noise and uncertainty during the operation. Keen et al. [8] milked the rats by gently massaging the teats.
Basing on the device of Cox and Mueller [1] , Kahler [7] described a milking apparatus for mice in 1942. Hoffmann at al. [6] milked 1.5 ml as an average yield from mice under a condition of negative pressure continuously at about -150 to -190 mmHg against atmospheric pressure. Although there were more reports made on the milking equipment of mice [2, 4, 10, 14] , their suctions, however, were made by a negative pressure either induced directly by vacuum pump or pulsated by finger. Rodgers [16] created a method of milking the lactating rat by negative pressure. The rat milking equipment was manually operated by pulsation of increasing and decreasing vacuum. The vacuum level for that device was set at -150 mmHg. Two technicians were required to carry out the milking procedure; one technician for restraining the mother rat and the second for milking the mother. The milk yield was 1 to1.5 ml from all teats on day 14 of the lactation period.
In the present study, the maximum intra-oral negative sucking pressure calculated by regression equation was -160.1 mmHg in 18-day old male pups. Based on the above result, the maximum level of negative pressure of our experimental rat milker was set at -160 mmHg. Milking was carried out under the following conditions: vacuum level; -140 mmHg, pulsation rate; 60 per min and pulsation ratio; 60%. As a result, the mean milking yield obtained from all teats of postpartum rats was 0.62 ± 0.33 g on day 4, 1.47 ± 0.70 g on day 7, 2.17 ± 0.64 g on day 10, 3.18 ± 1.37 g on day 14 and 1.67 ± 1.22 g on day 18. These quantities are considerably lower than previously reported values obtained by measuring differences in body weight of the offspring and mother rat before and after suckling [3, 11, 19] and in weight of mammary glands following removal of the offspring [5] . We are currently working to further improve this system, but the milking yield of the present study is adequate for chemical analysis.
In conclusions, the specifications of an automated experimental milker for the rat allow for a vacuum level of -100 and -200 mmHg, pulsation rate of 40 to 70 per min and pulsation ratio of 50 to 70%. It is thought that the most important part of the teat cup is the teat cup liner and its structure. The entrance of the teat cup liner is open during the milking (aspirating) period and milk is displaced from the mammary cistern and teat. When the teat canal and orifice becomes closed during the massaging (pausing) period, milk is saved in the mammary cistern and teat. It is necessary to aspirate milk retained in the teat during the next milking period because exposure of the teat to persistent negative pressure causes congestion of the teat and arctation of the papillary duct. Milking is impossible under continuous aspiration and may cause the teat to become necrotic. Thus, the milker must alternate between milking and massaging periods. Based on the performance of the present milker system, we believe it is possible to obtain milk from other experimental animals if the teat cup is changed to the appropriate size. However, we did find that mouse milking was possible using the teat cup designed for the rat. At present, we are producing teat cups for experimental animals such as guinea pig, rabbit, dog, and miniature pig.
We are presently applying for a patent, the automated experimental milker for rat, with the International Patent Office (No. PCT/JP 00/09112) through the Nihon University Business Incubation Center (Nubic).
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